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http:WHAT THIS PAPER ADDS
This study provides new reference values for computerized venous strain-gauge plethysmography (SGP).
Furthermore, for the ﬁrst time, a thorough evaluation of the inﬂuence of important confounding factors on
different plethysmographic variables is performed. These results can increase the usefulness of SGP in the
functional assessment of patients with chronic venous diseases.Objectives: To achieve reference values for computerized strain-gauge plethysmography (SGP), to assess
reproducibility, and to evaluate the inﬂuence of different factors such as age, gender, body mass index, and
symptomatic post-thrombotic disease on commonly used variables.
Methods: Sixty-three healthy controls and 56 patients with previous deep venous thrombosis (DVT) were
included. All participants underwent computerized SGP with evaluation of outﬂow capacity, as well as evaluation
of venous reﬂux and muscle pump function.
Results: All variables were signiﬁcantly reduced in DVT limbs, both compared with contralateral limbs and with
healthy controls. Only two patients had all values within normal ranges (¼mean  2 SD in controls). Measures of
outﬂow capacity had a coefﬁcient of variation (CV) of 5e6% and exercise-induced volume changes a CV of 10e
15%. In symptomatic post-thrombotic limbs half-reﬁlling time was signiﬁcantly related to presence of edema
(R ¼ 0.28, p < .05) and to chronic skin changes (R ¼ 0.58, p < .001).
Conclusions: We suggest that our values in healthy controls can be used as new reference values for
computerized venous strain-gauge plethysmography. The computerized design ensures high reproducibility and
the results indicate that this is a very useful and sensitive test for functional quantitative assessment of patients
with venous disease.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Patients with chronic venous diseases often undergo
different imaging test procedures in order to assess the
distribution of the disease and to make a plan for the
further treatment. However, the clinical picture can be
highly variable with a given anatomical result such as, for
example, an occluded iliac vein. Moreover, the patient’s
symptoms may not all be of venous origin. Nowadays, there
are a number of treatment options, and there is increasing
interest in functional tests that can quantitatively describe
the hemodynamic abnormality giving additional information
to that achieved by imaging techniques.1e4 Alternatives forrresponding author. S. Rosfors, Department of Clinical Physiology,
jukhuset, SE-118 83 Stockholm, Sweden.
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//dx.doi.org/10.1016/j.ejvs.2013.10.021non-invasive testing of venous function are strain-gauge
plethysmography (SGP), air plethysmography (APG), and,
to some extent, photoplethysmography, where SGP and
APG can quantitatively assess both venous outﬂow and
venous valve function.
The computerized technique for SGP was introduced dur-
ing the 1990s providing a more user-friendly device that is
easy to handle and, possibly, with better reproducibility than
earlier equipment.5,6 Since then, a reﬁnement of the tech-
nique has occurredmostlywith development of the software.
However, in the literature the reference values for SGP are
sparse, obtained with earlier versions of the equipment, and
there is a lack of studies describing reproducibility and the
possible inﬂuence of different confounding factors.
The aims of the present study were to evaluate
computerized SGP in healthy control participants in order to
achieve reference values and reproducibility of commonly
used variables, to study side differences and the effect of
age, gender, and body mass index (BMI) on these values.
Table 1. Demographics and clinical data for patients with
symptomatic post-thrombotic disease (n ¼ 56).
Men/women 24/32
Age, years, mean (range) 46 (18e72)
DVT side right/left, n 16/40
Years since acute DVT, median (range) 6 (1e30)
Symptomatic contralateral limb, n (%) 13 (23)
Edema, n (%) 44 (79)
Skin changes, n (%) 24 (43)
CEAP-scoring, C-classesa:
C3, n (%) 22 (39)
C4, n (%) 18 (32)
C5/C6, n (%) 6 (11)
Note. DVT ¼ deep vein thrombosis.
a The remaining 10 patients had C-class <3.
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outﬂow capacity and exercise-induced volume changes with
those obtained in a group of patients with earlier deep vein
thrombosis (DVT) and symptoms of post-thrombotic
disease.
MATERIALS AND METHODS
Healthy control participants
Venous plethysmography was performed in 63 healthy par-
ticipants: 36 men and 27 women. Mean age was 45 years
(range, 24e69 years), with a mean BMI of 25 (range, 20e36).
None of the participants had visible varicose veins, earlier
thromboembolic disease, known malignancy or thrombo-
philia, or complaints from the legs, such as pain, heaviness, or
edema. None of the healthy participants had undergone
surgical procedures during the last 6 months. All participants
gave their written informed consent prior to their inclusion.
Patients
The study includes all patients (n ¼ 56) referred to the
vascular laboratory for venous plethysmography between
2007 and 2011 owing to symptomatic post-thrombotic
disease. There were 24 men and 32 women with a mean
age of 46 years (range, 18e72 years). All patients had a
veriﬁed earlier incidence of DVT, and the presence of post-
thrombotic changes was conﬁrmed by color duplex ultra-
sound scanning in all cases. Clinical classiﬁcation was
accomplished using the clinical class (C) of the CEAP score.7
The patients without skin changes or edema often had
symptoms suggestive of venous claudication. Demographics
and the results of clinical examination are shown in Table 1.
Venous plethysmography
The examinations were performed with a computerized SGP
(S. I. Veintest 2, Sels Instruments N.V., Vorselaar, Belgium)
and included both a static measurement of venous volume
and outﬂow capacity (so-called venous occlusion plethys-
mography) and dynamic measurements of volume changes
after muscular exercise.
During venous occlusion plethysmography, the partici-
pants were in supine position with their heels resting on asupport elevating the lower limbs 40 cm above bed level and
putting the knees at an angle of approximately 90 degrees.
Inﬂatable cuffs were wrapped around the upper part of the
thighs and the strain-gauge wires were placed around the
largest part of each calf.6,8 Venous volume (V, mL per
100 mL) was measured during venous occlusion imposed by
thigh cuffs inﬂated to a pressure of 60 mmHg by use of the
capacitance mode. With this mode the occlusion time is
determined by an electronic detector allowing the maximal
venous volume to be achieved in both limbs.9,10 When a
volume curve plateau was established in both legs (in the
capacitance mode detected by the instrument when venous
ﬁlling is <0.1 mL per 100 mL over 20 seconds), the cuff
pressure was rapidly released, allowing outﬂow of the
accumulated blood and a fall in the volume curve. Venous
emptying was expressed as the outﬂow rate during the ﬁrst
second after cuff release (VE, mL per 100 mL  min).
Outﬂow relative to venous volume was expressed as EV4/V
(volume expelled during the initial 4 seconds after cuff
release divided by V). For dynamic measurements, strain-
gauge wires were applied around the ankles just proximal
to the malleolus, and volume changes were measured during
and after 15 knee bends. In the patient group, the test was
repeated after occlusion of the superﬁcial veins using a
below-knee cuff inﬂated to 80 mmHg. Reﬁlling volume (RV)
and half-reﬁlling time (T½) were measured.5 A mean of two
determinations was used for each variable, both for static
and dynamic measurements.
Reproducibility of the plethysmographic measurements
was tested by repeated studies in the ﬁrst 51 healthy con-
trol participants after removal and reconnection of the
equipment. Odd-numbered participants underwent a
repeated dynamic study (n ¼ 26) and even-numbered
participants a repeated occlusion plethysmography
(n ¼ 25). Also, for this part, the mean of two de-
terminations was used.Statistical analysis
Statistical analysis was performed using Statistica 10.0
(StatSoft, Tulsa, OK, USA). All data were found to be nor-
mally distributed, and are presented as mean  SD or
conﬁdence intervals (CI). Differences of means were tested
for statistical signiﬁcance by paired or unpaired two-sided
Student t test. Linear regression was used to analyze re-
lationships between different variables. Statistical signiﬁ-
cance was assumed if p <.05. The standard error(s) of a
single plethysmographic determination was estimated from
duplicate measurements and calculated as: SDdiff/O2. The
coefﬁcient of variation (CV) describes the variation as a
percentage of the pooled mean values (x) and was calcu-
lated according to the formula: CV (%) ¼ s/x  100.
The study was approved by the local ethics committee
and conducted according to the declaration of Helsinki.
RESULTS
All participants underwent venous occlusion plethysmog-
raphy and measurements of volume changes during
Table 2. Results from computerized strain-gauge plethysmography
in 63 healthy control participants.
Mean
(SD)
Limits of
normality
Side
difference
Mean (SD)
Upper
limit of
side
difference
VE (mL/100 mL  min) 110
(24)
62
158
14
(12)
38
(27%)
V (mL/100 mL) 6.2
(1.4)
3.4
9.0
0.53
(0.41)
1.3
(19%)
EV4/V 0.76
(0.07)
0.62
0.90
0.04
(0.03)
0.10
(13%)
T½ (seconds) 17
(6)
5
29
4
(3)
11
(50%)
RV
(mL/100 mL)
1.65
0.52
0.61
2.69
0.37
(0.24)
0.85
(43%)
Note. Lower and upper limits of normality are mean  2 SD. Upper
limit of side difference is mean þ 2 SD. Upper limit of side
difference in % is mean % side difference (side difference/
mean) þ 2 SD of side difference. VE ¼ venous emptying;
V ¼ venous volume; EV4/V ¼ expelled volume at 4 s/V;
T½ ¼ half-reﬁlling time; RV ¼ reﬁlling volume.
Table 3. Measures of variability for repeated computerized strain-
gauge plethysmography.
CV (%) s
VE (venous emptying) 6 6.4
V (venous volume) 5 0.33
EV4/V (expelled volume at 4 s/V) 5 0.04
T½ (half-reﬁlling time) 15 2.4
RV (reﬁlling volume) 10 0.17
Note. CV ¼ coefﬁcient of variation; s ¼ standard error of a single
determination.
European Journal of Vascular and Endovascular Surgery Volume 47 Issue 1 p. 81e86 January/2014 83exercise, both by computerized SGP. The normal range for
each variable was established in the group of healthy con-
trols (mean  2 SD), and used to deﬁne a reduction in
venous function in patients with symptomatic post-
thrombotic disease A reduction in VE and/or EV4/V in-
dicates a functional outﬂow obstruction (venous occlusion
plethysmography). A short T½ indicates venous reﬂux and a
low RV a deterioration in muscle pump function (volume
changes at exercise).Table 4. Plethysmographic results in patients with earlier deep
venous thrombosis (DVT) and in healthy controls (mean and 95%
conﬁdence interval).
Patients (n ¼ 56) Controls
(n ¼ 63)DVT-limb Contralateral
limb
VE (mL/100 mL  min) 84
78e90
105
97e113
110
104e116
V (mL/100 mL) 6.6
6.2e7.0
6.5
6.1e6.9
6.2
5.8e6.6
EV4/V 0.58
0.54e0.62
0.69
0.66e0.72
0.76
0.74e0.78
T½ (seconds) 6
4e7
13
11e16
17
15e18
T½ with superﬁcial
vein occlusion
4
3e5
12
9e15
e
RV (mL/100 mL) 1.11
0.95e1.27
1.45
1.30e1.60
1.65
1.52e1.78
RV with superﬁcial
vein occlusion
1.02
0.84e1.20
1.48
1.29e1.68
e
Note. VE ¼ venous emptying; V ¼ venous volume; EV4/
V ¼ expelled volume at 4 s/V; T½ ¼ half-reﬁlling time;
RV ¼ reﬁlling volume.Plethysmography in healthy controls
In order to describe side differences in healthy participants,
the differences between right and left limbs were calculated
and expressed as mean and SD for each variable, and also
expressed as a percentage of the mean value. The upper
limit of the normal range for side difference was calculated
as mean difference þ2 SD (see Table 2). There was no
difference between right and left limb for any of the
calculated variables.
The result for each variable was also calculated and
presented as a mean for both limbs (right leg þ left leg/2).
The lower limit of the normal range for this mean was
calculated as mean 2 SD and was used for comparison
with DVT limbs.
There was no difference between men and women, for
any of the calculated variables. EV4/V increased slightly with
age (R ¼ 0.36, p < .01) owing to a small and statistically
insigniﬁcant decrease in V and increase in EV4. Half-reﬁlling
time was found to decrease slightly with age (R ¼ 0.30,
p < .05). The age-related changes in EV4/V and T½ were
unrelated to BMI and gender. The only variable that was
inﬂuenced by BMI was RV which decreased with increasing
BMI (R ¼ 0.35, p < .01), this effect was unrelated to age
and gender. The occlusion time (i.e., the time needed to
achieve maximal venous volume in both limbs) was 5.1 min(SD 1.5), with, in general, only a slight difference in ﬁlling
times between the limbs (mean difference ¼ 30 seconds).
Measures of reproducibility assessed from duplicate
measurements are shown in Table 3. Generally, static
measurements of outﬂow capacity were more reproducible
(CV: 5e6%) than measurements of volume changes after
muscular exercise (CV: 10e15%).
Plethysmography in patients with previous DVT
Measures of venous outﬂow (VE, EV4/V) and venous reﬂux
(T½) and muscle pump function (RV) were signiﬁcantly
lower in DVT limbs than in healthy controls, and in a paired
test also lower in the DVT limb than in the contralateral
(p < .001 for all variables; see Table 4). There was no in-
crease in T½ or RV with repeated test after occlusion of
superﬁcial veins, suggesting low inﬂuence of possible vari-
cose vein disease. The mean ﬁlling time for DVT limbs was
5.2 minutes (SD 1.3). Eighty-four percent of the DVT limbs
needed >4 minutes of occlusion to achieve maximal venous
volume; 48% needed >5 minutes.
Ten patients had reduced VE (0.62), indicating a sig-
niﬁcant outﬂow obstruction. Additionally, 30 patients had
normal VE, but an EV4/V below the lower limit of the
normal range, indicating somewhat reduced outﬂow
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percent of the patients had a reduced T½ of 5 seconds,
indicating venous reﬂux; 25% of these also had reduced RV
as a sign of muscle pump dysfunction. In only two patients
T½ was normalized with superﬁcial venous occlusion
demonstrating that the majority of the patients had sig-
niﬁcant deep venous insufﬁciency. Seven patients had all
values within the normal range, but most of these had an
abnormal side difference when comparing with the
contralateral asymptomatic limb. Thus, only two patients
had no detectable plethysmographic abnormality (one of
these patients had no edema, no varicosities, and no skin
changes). Individual values of venous outﬂow function are
shown in Fig. 1, and values of dynamic measures after ex-
ercise in Fig. 2.Relation between plethysmography and symptoms and
signs of venous disease
Half-reﬁlling time (T½) was signiﬁcantly negatively related
to presence of edema (R ¼ 0.28, p < .05) and to presence
of skin changes (R ¼ 0.58, p < .001). There was a
borderline signiﬁcant relationship between RV and skin
changes (R ¼ 0.26, p ¼ .06). Patients with a symptomatic
contralateral limb (n ¼ 13) had reduced EV4/V (p < .05) and
a reduced T½ (p < .01) in the contralateral limb compared
with asymptomatic patients (n ¼ 43).
DISCUSSION
This report presents results from computerized venous SGP
in 63 healthy control participants and in 56 patients with
post-thrombotic disease. Our results demonstrate that SGP
is a useful and sensitive method to study venous outﬂow
capacity, as well as to evaluate venous reﬂux and muscle
pump function.
In order to accurately interpret results from quantitative
functional tests knowledge of normal variation is essential,
including physiologic side differences and the possible in-
ﬂuence of different confounding factors. In healthy controls,Figure 1. Venous occlusion plethysmography performed with computer
and in patients with post-thrombotic disease (n ¼ 56). Individual valu
venous volume (EV4/V) are shown. Lower limit of normality is outlined
each group.we found no systematic difference between right and left
limbs for any of the variables. A 10% difference between
the limbs was commonly found for venous occlusion
plethysmography; for dynamic measurements of volume
changes after exercise the mean side difference was 20e
25% (Table 2). There were no differences between males
and females, and only some variables were slightly inﬂu-
enced by increasing ages, possibly owing to stiffer veins and
slightly declined valve function. Interestingly, BMI did not
affect measures of venous outﬂow or venous reﬂux; it
affected only measures of muscle pump function (¼RV),
irrespective of age and gender. Presumably, overweight can
be an independent risk factor for deterioration of muscular
and joint function of importance for venous pumping.
The CV of the plethysmographic variables was 5e6% for
static measurements of venous outﬂow capacity, and, as
expected, somewhat higher for dynamic measurements of
volume changes after exercise (10e15%). These measures
of reproducibility are slightly better than those we obtained
with earlier versions of the same device,11 possibly owing to
reﬁnements of the software. From these measurements the
95% conﬁdence interval for the “methodological error” can
be calculated (2 standard errors of a single measurement)
and used to estimate when a change in a variable between
two observations is likely to represent a true alteration.
Applied to our data, a change in VE of >13 mL/
100 mL  minutes, or a change in T½ of >5 seconds
(Table 3) will possibly indicate a true alteration. This is
important, for example, in follow-up studies with repeated
measurements; furthermore, these estimates generate
variables that can be used to calculate sample sizes in the
planning of prospective research studies.12
Venous occlusion plethysmography evaluates the func-
tional degree of an outﬂow obstruction in acute and
chronic venous disease. It can be performed either with air
plethysmography,1,13 or, as in the present study, with
strain-gauge technique.11,14 In chronic disease in may be
preferable not only to evaluate absolute venous emptying
capacity, but also to relate the outﬂow to the venousized strain-gauge technique in healthy control participants (n ¼ 63)
es for venous emptying and for expelled volume at 4 s divided by
(¼mean  2 SD in healthy controls), as well as median value for
Figure 2. Computerized strain-gauge plethysmograph of volume changes after muscular exercise in healthy control participants (n ¼ 63)
and in patients with post-thrombotic disease (n ¼ 56). Individual values for half-reﬁlling time and for reﬁlling volume are shown. Lower
limit of normality is outlined (¼mean  2 SD in healthy controls), as well as median value for each group.
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compensatory mechanism. This is supported by our ﬁnd-
ings in patients with post-thrombotic disease where EV4/V
was reduced below the normal limit in 54% of the patients
and VE only in 18%. Thus, EV4/V seems to be a sensitive
variable for detecting a minor degree of outﬂow obstruc-
tion. Presumably, the computerized technique, with a
capacitance mode instead of a ﬁxed time for venous oc-
clusion, increases the sensitivity of the test when occlusion
is maintained long enough to ensure ﬁlling of the limb to
its maximal capacity. Our result of more than 80% of the
patients having ﬁlling times longer than 4 minutes, sug-
gests that the ﬁxed times for occlusion used in some
previous studies (1, 2, or 3 minutes) are, in many cases, too
short to reach maximum ﬁlling.4,15,16 It is also possible that
electronic detection of the volume plateau is superior to
manual visual detection, which is a common approach if
not using ﬁxed times, and thus ensuring the observed high
testeretest reproducibility.
Venous valvular dysfunction and its effect on the muscle
pump can be quantitatively evaluated by dynamic mea-
surements of volume changes during exercise simulating
ambulatory venous pressure, either by strain-gauge5,17 or
air plethysmography.1,18 There are reports describing that
photoplethysmography also can be used for that purpose,
especially with newer digital techniques.19,20 However, the
relationship between photoplethysmographic variables
and ambulatory venous pressure are less well validated.
The ﬁndings of signiﬁcant relationships between signs of
venous disease and volume changes after exercise possibly
conﬁrm the relationship to changes in venous pressure.
However, the relationship between volume changes and
signs had low R-values, indicating low explanatory func-
tion. This is not surprising as even in post-thrombotic
disease clinical signs are known to be of a multifactorial
basis. Interestingly, plethysmographic measurements of
venous reﬂux (T½) correlated much better with the speciﬁc
sign skin changes than with the rather unspeciﬁc sign,
edema.Ideally, reference values should be based on substantially
more participants than our 63 healthy controls. Still, earlier
reference values were presented 20 years ago, obtained with
earlier versions of the equipment, including rather few and
partly less well-deﬁned participants.5,9 For example, Rooke
et al.5 presented results from 20 patients referred for sus-
pected venous disease, but without venous reﬂux shownwith
CW Doppler, as their “normal” control limbs for dynamic
measurements of volume changes at exercise. Therefore, we
believe that an adoption of our results in healthy controls as
“reference values” will increase the usefulness of the test.
Moreover, we found high sensitivity by using the suggested
reference values for evaluation of symptomatic patients with
previous DVT. Only 2/56 patients had plethysmographic
ﬁndings, with all variables within the normal range, and one
of these patients had no clinical signs of venous disease,
suggesting a sensitivity of 96% or maybe 98%.
We consider SGP in its present computerized form as a
good option for functional evaluation of patients with
venous disease, especially as indium gallium strain-gauges
are now used without the long-term negative environ-
mental impact of earlier-used strain-gauges made of mer-
cury. Indeed, the user-friendly design and the functionality
make SGP a cost-effective alternative to other plethysmo-
graphic devices used for similar purposes. All our patients
with post-thrombotic disease were investigated with SGP
for clinical reasons; thus, the clinicians were in need of
additional functional information to that obtained by clin-
ical investigation and imaging techniques.
In summary, we present values for computerized venous
SGP in healthy controls that we suggest can be used as
reference values. These were obtained with high repro-
ducibility and, when comparing them with those obtained
in patients with post-thrombotic disease, the results indi-
cate that this is a useful and sensitive test for functional
quantitative assessment of venous disease.
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